The apparent viscosity of oils in the thin layers that exist in machine elements such as gears and bearings is very different to that in the bulk. In addition, oils in lubricating layers are characterized by non-Newtonian behaviour due to the severe thermodynamic conditions that arise. It is this viscosity that determines the film thickness in lubricated mechanical components. This paper describes a novel methodology based on an ultrasonic approach to determine viscosity in situ in a lubricated contact. The methodology considers the lubricant at the solid boundary as a Maxwell viscoelastic fluid and determines its response to an ultrasonic wave. This approach is then compared with existing methodologies in both a static contact and in a rotating journal bearing. The obtained results have shown that the algorithm proposed in this study is most suitable to study lubricants in the range of 0.3-3 Pas and the measurement error has been found to be less than 10%. This viscosity range is common in components such as cam-follower, CVT transmissions and highly loaded journal bearings. At lower viscosities, the measurement method suffers from excessive error caused by the acoustic mismatch between the bearing component and the oil film and the resulting difficulty in obtaining a high enough signal-to-noise ratio.
Introduction
The ability to perform real-time and in situ monitoring of lubricant viscosity in thin layers such as oil films would assist in the design and testing of lubricated systems. The apparent viscosity in a thin oil film is different to that in the bulk because fluid particles are not distributed homogeneously though the layer. The response of the fluid to a shear stress will then be different compared to that in a bulk fluid. This effect is accentuated as the fluid molecular composition becomes complex. Further, conventional viscometers require oil to be extracted once it has exited the contact. The conditions of such a viscometry test can only be a simulation of the real contact parameters.
In this paper, ultrasound harmonic waves are employed as a suitable technique to overcome this limitation as it is non-invasive and can therefore be applied to the real bearing component in operation.
In ultrasonic engineering, a thin layer is defined as a 'situation where two successive echoes cannot be distinguished in the time domain'. 1 In that case, it is not possible to measure properties such as speed of sound and fluid impedance by simple time of flight measurements. 2 Then a model that does not rely on fluid layer thickness is necessary. Harmonic horizontally polarized shear waves can propagate through solid layers, but only minimally into fluid layers and the reflected energy from solid-liquid interface is a function of the shear viscosity. Early work dedicated to the study of viscosity by means of interaction of ultrasonic shear waves was performed by Mason 3 who correlated the reflected echo wave from a torsional quartz crystal to the viscosity of a liquid layer deposited on the transducer. Since then, several other authors have used reflectance methods to study viscosity in a bulk fluid 4 and in industrial processes where the fluid involved could be considered Newtonian: for example, diagnostic analysis of coal combustion processes, industrial clean up processes and characterization of resins in an autoclave. 5, 6 A number of studies [7] [8] [9] [10] have taken into account relaxation effects in non-Newtonian lubricants to measure the rheological parameters involved in elastohydrodynamic lubrication (EHL). These researchers explored what happens to a fluid when subjected to high pressures and temperature typical in EHL. Continuous and oscillatory shear were compared in a wide range of frequencies, from a few kHz to hundreds of MHz. The results showed that it is necessary to incorporate relaxation time into a model, especially under EHL conditions where normally Newtonian oils can show non-Newtonian behaviour.
The aim of this work is to determine the response of a thin oil film to shear polarized ultrasonic waves, where the oil is modelled as a generic viscoelastic fluid capable of representing both Newtonian and non-Newtonian behaviour. The model is then used to determine the oil viscosity from that response to shear ultrasound. The model is firstly validated by testing on a bench oil film and then used to measure viscosity in situ and in real time in a journal bearing apparatus.
Theoretical models
The reflection of ultrasonic shear waves from a solid-liquid boundary When an ultrasonic shear polarized wave (whose propagation mode is represented in Figure 1 (a)) strikes the boundary between a solid and a liquid, at normal incidence angle, part of the ultrasonic energy is transmitted and dissipated in the fluid, while part is reflected back to the ultrasonic source, as shown in Figure 1 
The ratio of the amplitude of the reflected wave to the amplitude of the incident wave is known as the reflection coefficient and can be determined by 11
where z s and z l are the acoustic impedances of the solid layer and the liquid layer, respectively. The shear acoustic impedance of the solid is a real quantity defined by
where s is the density of the solid medium, and c is the shear speed of sound in the solid. On the other hand, the shear acoustic impedance of the liquid is a complex quantity defined by 12
where l is the density of the fluid layer, and G is the complex shear modulus defined as
where G 0 is the storage modulus and G 00 is the loss modulus. As z l is an imaginary quantity, then R Ã from equation (1) can be written in terms of its modulus, R and phase, as
Substituting equation (5) in equation (1), it is possible to obtain a definition of the liquid acoustic impedance in terms of reflection coefficient modulus and phase
Equations (2), (3) and (6) relate the reflection coefficient to the solid and liquid properties and are used in the following sections to build the mathematical model to relate viscosity to ultrasonic reflection.
Newtonian reflection model
The simplest model considers the liquid as being Newtonian and the relation between viscosity and ultrasound reflection is derived after the method of Franco et al. 13 With reference to Figure 1 , the propagation of an ultrasonic wave at an interface is described by
where u represents the displacement, c ¼ ffiffiffi
is the shear velocity where l is the liquid density, y is the applied shear stress and x is the wave propagation direction. Here, the subscript y is used to identify shear stresses, where the particle motion is normal to the direction of propagation. In the case of a sinusoidal perturbation, the wave equation (7) has the following solution
where ! is the angular frequency and u 0 is the initial particle displacement. The Newtonian state law correlating the shear stress y and strain rate _ is
where is the dynamic viscosity. Combining equations (7), (8) and (9) leads to
The shear modulus is defined as the stress over the strain
Substituting equations (10) and (11) in equation (9) gives
In case of a perfectly viscous liquid the term G 0 from equation (4) is zero and equation (12) reduces to
The storage modulus for a Newtonian solution may be defined by combining equations (3), (4) and (6) as
Substituting equation (14) into (13) gives
Equation (15) relates viscosity and the ultrasonic reflection coefficient when the liquid can be considered to be Newtonian.
The Greenwood model
Another useful equation to correlate viscosity of a fluid layer and ultrasonic reflection coefficient is derived by Greenwood 14 starting from the most general definition of acoustic impedance for a viscoelastic fluid
From the definition of viscosity, the shear stress is proportional to the shear strain rate and so
Combining equation (17) and (7) and if equation (7) is solved with the limitation that the displacement is sinusoidal, a solution for u is obtained in the form
where ! is the angular frequency and k 0 is defined by Greenwood et al. 14 and it is solution of equation (7) only if it is equal to
Finally, substituting equation (19) in equations (17) and (16) gives the definition of acoustic impedance
By equating the real parts of equations (1) and (20), the fluid viscosity value is obtained in terms of reflection coefficient
Equation (21) presents a simplified approach to the problem with respect to equation (15) as only the modulus, and not phase, of the reflection coefficient is needed to calculate shear viscosity.
Maxwell model
To build the models described in equations (15) and (21), the assumption of Newtonian response of the fluid to shear stress excitation was made. Most lubricants operating in real bearing conditions are non-Newtonian and relaxation effects are not negligible. In this work, the ultrasonic reflection model is enhanced by using a Maxwell fluid analogy. This model describes, with a spring and a dashpot in series, the interaction between solid and liquid particles excited at an interface by an ultrasonic shear wave. In Figure 2 , the damper element models the relaxation effects of a viscoelastic system as ultrasonic shear occurs at the solid-liquid boundary. The interaction between a solid particle m s and the liquid particle m l , both subjected to ultrasonic displacements v 0 and v 00 , is described by a mechanical analogy. The total stress and strain in the system are given by
where y is the total stress, the total strain, the subscript s refers to the spring element while the subscript d to the dashpot. From Hooke law and from the dashpot theory
Differentiating equations (22) and substituting in equations (23) gives
where k is the stiffness of the spring defined as , and is the relaxation time. In case of sinusoidal varying stress, the stress and strain are
Substituting equations (25) in equation (24) gives
Now by substituting equation (26) into the definition of shear modulus stated in equation (11)
Substituting the stiffness k ¼ into equation (27) gives
Separating the real and imaginary part gives
The system of equations (29) is a system of two equations in two unknowns, and . Solving the two equations simultaneously leads to the solution for the viscosity in case the relaxation effects are taken into account. It is possible to compare the Maxwell model expressed in (29) with the Newtonian solutions reported in the Newtonian reflection model section as follows. Expressing the second equation of (29) with respect to gives
The storage and loss moduli G 0 and G 00 are related to the ultrasonic reflection coefficient by equations (4) and (6). Combining these equations with the (30) leads to Substituting the definition of shear acoustic impedance, equation (6), into equation (31) it is possible to directly correlate the reflection coefficient to the shear viscosity
It can be noticed that equation (32) is equivalent to equation (14) except for the term ! 2 2 . When ! 2 2 ( 1 , then equation (32) reduces to the Newtonian solution of the wave equation (14) .
In case of the Newtonian solution, only the expression (14) exists because viscosity is a function of the loss modulus only.
Comparison of models
All the three models relate the fluid shear modulus to the viscosity and hence the reflection coefficient. The definition of shear modulus differs for a solid, Newtonian fluid, and non-Newtonian fluid. In case of an ultrasonic wave propagating through a solid, stress and strain are in phase and the shear modulus is a real number. To use an electrical analogy, the solid layer acts like a resistance with respect to the ultrasonic wave motion because the vibrational energy is partly dissipated in the propagation. A Newtonian fluid has stress and strain out of phase by 90 and the shear modulus is purely an imaginary number, equivalent only to the loss modulus as stated in equation (13) . This means that a Newtonian fluid acts like a pure capacitance element to the shear wave motion (as shown in Figure 3a ). Common lubricants present viscoelastic behaviour and the stress and the strain are out of phase by between 0 and 90 . The electrical element describing this situation is composed of a variable gain resistance (equivalent to G 0 in equation (28)) and a capacitance in series, see Figure 3 (b). As the variable gain resistance term gains importance, the viscoelastic behaviour is accentuated and the fluid can no longer be described by a Newtonian approximation. Figure 4 shows the amplitude of G versus frequency as the relaxation time of the lubricant is changed, from equations (15) In Figure 5 the three different models equations (15), (21) and (32) are compared for different liquid relaxation times. For low relaxation times, the three algorithms give a similar response, while for higher values of relaxation time only the Maxwell model is sensitive to the fluid structure changes. In all cases, for the viscosities considered, the reflection coefficient is close to one. This is a serious limitation when it comes to practical implementation of these methods on a lubricant viscometer, as will be observed later.
Application to thin films
All these models consider the ultrasonic reflection at the boundary between a solid and liquid where the two bodies are treated as semi-infinite spaces. The penetration depth of an ultrasonic shear wave at MHz frequencies is such that it is completely attenuated within few microns. Therefore, it is postulated that the reflection at a semi-infinite half space is equivalent to that for a thin oil film, as shown schematically in Figure 6 . To validate this assumption, the reflection coefficient was acquired from a thin film of fluid (50 micron) and from a thick fluid layer (20 mm). The acquisition has been performed at room temperature with three repetitions and following the experimental method reported in the following section.
The results for three viscosity standard oils are shown in Table 1 . It is evident that reflection coefficients are very close to one and so viscosity is very sensitive to small changes in the reflection coefficient. Nevertheless, it is clear that the thin layer results are very close to the thick layer ones. This situation could be improved by using a high frequency ultrasound wave (0.1-1 GHz). From equation (20), increasing the frequency will increase the liquid acoustic impedance and consequently R would decrease because z l would be close to z s , from equation (1) . However, at the current state of the art, it is not convenient to implement high frequency instrumentation for engine applications due to the complexity of the amplification system, the costs involved and because the transducers would so thin to be a fragile quartz coating layer.
Experiments Apparatus
The experimental apparatus is shown schematically in Figure 7 . Two flat aluminium plates were used to trap a thin layer of liquid; oil films in the range of 20-100 micron were generated. The upper plate had two piezoelectric transducers (PZT) bonded to the outer surface as shown. The PZTs were lead-metanobiate ceramic plate wrapped in a nickel-gold electrode. One transducer acted as a pulser and the other as a receiver, commonly known as pitch-catch mode. A waveform function generator (TTI TG5011) produced a sine burst pulse excitation that was sent to the transmitting ultrasonic transducer (pulser) producing an ultrasonic wave with a centre frequency of 10 MHz. The ultrasonic pulse from the first transducer propagated through the solid until incident on the solid-liquid interface where part of the wave was transmitted, and dissipated, in the fluid layer and part was reflected back. The reflected wave from the interface was received by the second transducer (receiver). The reflected signal was recorded on an oscilloscope (Lecroy LT342), continuously analysed and stored in real time using an acquisition interface written in Labview. The bottom solid plate had holes that allow positioning K-type thermocouples in direct contact with the fluid in order to record the temperature at the interface. The K-type thermocouples were calibrated using a RTD system with an accuracy of AE0.2 C.
Signal processing
The ultrasonic viscosity models depend on the mechanical-acoustic properties of the solid and the density of the fluid. If these properties are known, the only parameter to be determined experimentally is the reflection coefficient.
A five cycle sine wave from the waveform generator was used to excite the PZTs. The modulus and the phase of the reflection coefficient were calculated experimentally by comparing the ultrasonic amplitude reflected at a solid-liquid interface against the reference amplitude obtained by removing the fluid sample from the upper aluminium block, and thus measuring a solid-air contact
where A m is the amplitude, calculated with the fast Fourier transform at the centre frequency of 10 MHz, of the reflected signal from the solid-liquid interface, A r is the amplitude of the reflected signal from the solid-air interface (reference measurement) as shown in Figure 8 (a), m the phase of the reflected signal from the solid-liquid interface, and r is the phase of the reflected signal from the solid-air interface. As the phase is sensitive to temperature changes (AE0.1 C leads to AE10 of error) the following relation defining the phase is obtained by manipulating equation (12) 15 The signals acquired in the time domain were then converted to the frequency domain using a FFT (fast Fourier transform), see Figure 8 (b). Once the FFT was performed, the reflection coefficient was obtained from equation (33) by dividing the measurement FFT by the reference FFT at the desired frequency. In the application of the three methodologies, only the reflection coefficient component at the centre resonance frequency of the shear crystal (10 MHz) was considered. The reflection coefficient value obtained with this procedure was then used in equations (15), (21) and (32) to obtain oil sample viscosity.
Test lubricants
The reflection coefficient was acquired from an aluminium-oil interface for six different Cannon viscosity standard calibrated lubricants (information about the test lubricants viscosities is reported in Table 2 ). The apparatus was heated up and then cooled down from 60 C down to 25 C. Ultrasonic signals were continuously acquired in the cooling down process and converted in reflection coefficients.
Results and discussion Figure 9 shows a set of the results obtained for the oil S600. The results are an average of 20 measurements executed at a given temperature range for a single fluid sample. The measured reflection coefficient was converted to viscosity using each of the three models (equations (15), (21) and (32)) and compared with the data expected from the Cannon oil data sheet. It is noticeable that the Maxwell model is close to the expected results at high viscosity, while the models give a similar answer at low viscosities. Figure 10 reports the results obtained for all the oils analysed. In this graph, the line represents exact agreement. It can be seen that for low viscosity lubricants, the Greenwood Model results tends to be the more effective, while as viscosity increases the Maxwell model better describes the fluid behaviour.
Using the data of Figure 10 , Figure 11 shows the error between the ultrasonic measured viscosity and the data sheet value. Three distinct regions can be identified.
In region 1 it is difficult to obtain accurate measurements of lubricant viscosity using any of the models. This is because the reflection coefficient is very close to one, and equations (15), (21) and (32) all become unstable. For low viscosity lubricants and for a metal-liquid interface, the reflection coefficient modulus is very close to the unity so that any electrical noise or disturbance in the measurement chain has a significant effect on the result. For example, a variation of AE1% in the reflection coefficient can lead to a deviation of AE25 mPas from the theoretical viscosity value. So, for the low viscosity oil S20, the viscosity is 10 mPas at 55 C while the measured value varies with an error of 20% to 100% depending on the model used.
Region 2 is the optimum region to use the Greenwood Model. In this region, most of the results give an error less than 10% and the lubricant can be considered as perfectly Newtonian. These results are in line with the accuracy obtained by other researchers. 16 Region 3 is the optimum region to use the Maxwell model. At around 0.15 Pas, the accuracy of the other models diverge quickly while the Maxwell model converge to the minimum error that remains below 12%. This is due to the fact that as the lubricant gets thicker (use more viscous), its behaviour cannot be considered perfectly Newtonian and relaxation effects must be taken into account. It is interesting to note the behaviour of the models for lubricant S200, as shown in Figure 12 . This lubricant has relatively high viscosity at room temperature (0.4 Pas) and the Maxwell model is the most accurate (9% error compared with 46% for the Greenwood model), but at 40 C its viscosity is about 0.15 Pas and the best model turns to be the Greenwood one. This is due to the fact that at low temperatures the relaxation time of the fluid is higher and the only valid model is the Maxwell one. As the temperature increases, the relaxation time decreases, the term ! 2 2 of equation (32) gets smaller and the Maxwell model precision is close to the Greenwood model.
Application to a journal bearing
Apparatus and method Figure 13 (b). A lower frequency was used for this experiment to allow a better sound transmission across the longer solid line. An electric motor and pulley system allowed rotation of the steel journal shaft between 0 and 500 rpm. The rotational speed range was chosen so that the contact surface temperature did not reach a value such that the oil viscosity was too low to be within the sensitivity measurement region, as described in the Results and discussion section. The oil was continuously pumped into the bearing from a reservoir, thus allowing the separation of Figure 9 . Variation of viscosity with temperature determined from ultrasonic reflection for a Cannon S600 mineral oil. Three models have been used to convert reflection coefficient to viscosity, the Newtonian, Greenwood, and Maxwell models. the bush and journal with a lubricating oil layer. The clearance thickness at the top film position in static condition was 100 AE 10 mm. 17 This was measured differentiating the diameter measurements of the shaft and the bush made with a micrometer at different locations. The tests were run with a constant load of 200 N concentrated at the centre top of the rig. The load takes into account of the bush and rig frame weight plus a minimum hydraulic ram load to allow proper film formation. The increment in the speed caused the lubricant to heat up and consequently to change its viscosity throughout the test. To allow an accurate measurement of the oil film temperature, the ultrasonic response from the first brass reflection was used because it was not possible to put a thermocouple in direct contact with the interface of interest. Figure 15 shows a signal acquired from the journal bearing test rig. The first peak A is associated with the initial ultrasonic pulse; peak B is the reflection from the first brass-bush boundary, whilst C is the reflection that occurs at the bush-oil interface. The reflection from the brass-oil interface is dependent on temperature and viscosity of the oil, while the signal amplitude from the brass-brass interface reflection is dependent only on temperature. It is possible to Figure 12 . Variation of viscosity with temperature determined from ultrasonic reflection for a Cannon S200 mineral oil. Three models have been used to convert reflection coefficient to viscosity, the Newtonian, Greenwood, and Maxwell models. associate the amplitude of the signal acquired from this interface (reflection B) with the temperature at the brass-oil interface after an appropriate calibration. The calibration procedure is performed by heating up the brass bush in an oven. The bush is heated up without the journal so that the brass temperature at air interface is accurately measured. At the same time, the ultrasonic signals from the brass-brass and brass-air interface are acquired. Each signal amplitude acquired at the brass-brass interface is associated with a value of temperature, as shown in Figure 16(a) , while the signal-temperature data acquired from the brass-air interface (reflection C) are used as reference for the data acquired under operating conditions by the journal bearing test rig, Figure 16 (b).
Thermal compensation

Results
The ultrasonic signal acquisition process proceeds as described in the Signal processing section. The reflection coefficient is calculated by dividing the amplitude of the measurement signal by the amplitude of the reference signal obtained in the calibration process described in the previous section from the brass bush-air interface. The measurement signal is acquired continuously from the oil film with the shaft spinning and every measurement has been repeated three times. Figure 17 shows the reflection coefficient acquired for the three different samples as the temperature varies due to shaft rotational speed increase. As the brass acoustic impedance is 35 MRayl (approximately double aluminium that was used in the previous case tests), the reflection coefficient also approaches the unity for a lubricant viscosity of around 0.2 Pas. The insensitivity region (region 1 in Figure 11 ) shifts from 0.01 Pas to 0.2 Pas, thus eliminating the Greenwood model optimum region. For this reason, only thick oils have been tested in this apparatus. 
Conclusions
In this paper, three models relating shear ultrasonic reflection to fluid viscosity were implemented for measuring viscosity in thin lubricant layers. The models treated the fluid as Newtonian and as a Maxwell fluid. Each model was used to process reflection results from a static captive oil film and from a rotating journal bearing. In all cases, the reflected ultrasonic signals are close to one because there is a large acoustic mismatch between the bearing material and the oil film. This is acerbated at low oil viscosities.
The Maxwell model has been developed for application when the lubricant is non-Newtonian. It has been successfully applied to fluids of shear viscosity greater than 0.15 Pas with resulting accuracies of between 0.5% and 12% in a rotating journal bearing. The Newtonian fluid models failed (errors higher than 100%) due to the increase in the relaxation time that invalidates the approach. This demonstrates that it is possible to measure viscosity in situ in an oil film, provided the viscosity is relatively high and that a Maxwell treatment of the fluid is applied.
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